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ABSTRACT
Context. Observationally constraining the atmospheric temperature-pressure (TP) profile of exoplanets is an important step forward
for improving planetary atmosphere models, further enabling one to place the detection of spectral features and the measurement of
atomic and molecular abundances through transmission and emission spectroscopy on solid ground.
Aims. The aim is to constrain the TP profile of the ultra-hot Jupiter KELT-9b by fitting synthetic spectra to the observed Hα and Hβ
lines and identify why self-consistent planetary TP models are unable to fit the observations.
Methods. We construct 126 one-dimensional TP profiles varying the lower and upper atmospheric temperatures, as well as the location
and gradient of the temperature rise. For each TP profile, we compute transmission spectra of the Hα and Hβ lines employing the
Cloudy radiative transfer code, which self-consistently accounts for non-local thermodynamic equilibrium (NLTE) effects.
Results. The TP profiles leading to best fit the observations are characterised by an upper atmospheric temperature of 10000–11000 K
and by an inverted temperature profile at pressures higher than 10−4 bar. We find that the assumption of local thermodynamic equilib-
rium (LTE) leads to overestimate the level population of excited hydrogen by several orders of magnitude, and hence to significantly
overestimate the strength of the Balmer lines. The chemical composition of the best fitting models indicate that the high upper atmo-
spheric temperature is most likely driven by metal photoionisation and that Feii and Feiii have comparable abundances at pressures
lower than 10−6 bar, possibly making the latter detectable.
Conclusions. Modelling the atmospheres of ultra-hot Jupiters requires one to account for metal photoionisation. The high atmospheric
mass-loss rate (>1011 g s−1), caused by the high temperature, may have consequences on the planetary atmospheric evolution. Other
ultra-hot Jupiters orbiting early-type stars may be characterised by similarly high upper atmospheric temperatures and hence high
mass-loss rates. This may have consequences on the basic properties of the observed planets orbiting hot stars.
Key words. radiative transfer — planets and satellites: atmospheres — planets and satellites: gaseous planets — planets and satellites:
individual: KELT-9b
1. Introduction
More than twenty years of exoplanet research has greatly broad-
ened and deepened our understanding of planets. In particular,
the detection of close-in giant planets has opened the possibil-
ity of characterising planetary atmospheres (e.g., Seager & Sas-
selov 2000; Brown 2001; Charbonneau et al. 2002; Snellen et
al. 2010; Brogi & Line 2019). Atmospheric characterisation has
become one of the central aspects of exoplanet science such that
current (e.g., TESS) and future (e.g., PLATO) planet detection
facilities aim at finding planets orbiting stars bright enough to
enable transmission and/or emission spectroscopy (e.g., Rauer
et al. 2014; Ricker et al. 2015).
The atmospheric characterisation observations conducted so
far have led to the detection of a wide range of atomic and molec-
ular species in exoplanetary atmospheres (e.g., Vidal-Madjar et
al. 2004; Redfield et al. 2008; Fossati et al. 2010; Deming et al.
2013; Barman et al. 2015; Kreidberg et al. 2015; Line & Parmen-
tier 2016; Sing et al. 2016; Casasayas-Barris et al. 2017; Evans et
al. 2017; Lendl et al. 2017; Line et al. 2017; Birkby et al. 2017;
Wyttenbach et al. 2017; Brogi et al. 2018; Jensen et al. 2018;
Nikolov et al. 2018; Nortmann et al. 2018; Tsiaras et al. 2018;
Wakeford et al. 2018; Hoeijmakers et al. 2019; von Essen et al.
2019). Furthermore, the community has devised sophisticated
forward model and retrieval techniques to extract relevant physi-
cal information (e.g., temperature structure, abundance profiles)
from the observations (e.g., Irwin et al. 2008; Madhusudhan &
Seager 2009, 2010; Howe & Burrows 2012; Lee et al. 2012; Line
et al. 2013; Waldmann et al. 2015a,b; Lavie et al. 2017; Mac-
Donald & Madhusudhan 2017; Malik et al. 2017; Mollière et
al. 2015, 2019; Shulyak et al. 2019; Barstow et al. 2013, 2017,
2020). The main general result is that exoplanetary atmospheres
present a large variety of physical and chemical properties. The
picture is further complicated by the fact that most planets host
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aerosols hiding spectral features and/or sequestering elements
producing detectable features (e.g., Sing et al. 2016; Parmentier
et al. 2016; Gibson et al. 2017; Wakeford et al. 2017; Benneke et
al. 2019). Therefore, for some hot Jupiters, a thorough observa-
tional atmospheric characterisation may be limited to the upper
atmospheric layers.
However, ultra-hot Jupiters, gas giant exoplanets with equi-
librium temperatures exceeding 2000 K and typically orbiting
intermediate-mass stars (A- and early F-type), are not subject
to this limitation, because their high atmospheric temperature
and intense irradiation ensure that the molecules composing
aerosols are dissociated, at least on the day-side (e.g., Parmen-
tier et al. 2018; Kitzmann et al. 2018; Lothringer et al. 2018).
About a dozen ultra-hot Jupiters have been detected to date and
the most studied one is KELT-9b, also known as HD 195689 b,
which is the hottest planet orbiting a non-degenerate star among
those found so far (Gaudi et al. 2017). Both day- and night-side
temperatures of KELT-9b have been measured through phase
curve observations at optical (with TESS) and infrared (with
Spitzer at 4.5 µm) wavelengths. From TESS photometry, Wong
et al. (2020) obtained a night-side temperature of 3020±90 K
and a day-side temperature of 4570±90 K, while from Spitzer
data Mansfield et al. (2020) derived a night-side temperature of
2556+101−97 K and a day-side temperature of 4566
+140
−136 K. Both hy-
drogen and several metals have been detected in the atmosphere
of KELT-9b through ground-based high-resolution transmission
spectroscopy (e.g., Yan & Henning 2018; Yan et al. 2019; Hoei-
jmakers et al. 2018; Borsa et al. 2019; Hoeijmakers et al. 2019;
Cauley et al. 2019; Turner et al. 2020; Pino et al. 2020; Wyt-
tenbach et al. 2020). The detection of metals, in particular of
ions such as Feii, indicates that the atmospheric temperature in
the region where lines of these elements form is above 4000 K
(Hoeijmakers et al. 2019).
Self-consistent atmospheric modelling of KELT-9b con-
ducted with the PHOENIX stellar and planetary model atmo-
sphere code indicates that the temperature profile should be in-
verted, reaching temperatures of the order of 6300 K in the up-
per atmosphere (Lothringer et al. 2018; Fossati et al. 2018).
Pino et al. (2020) detected such a thermal inversion from sec-
ondary eclipse high-resolution spectroscopic observations. Gar-
cía Muñoz & Schneider (2019) modelled the upper atmosphere
of KELT-9b assuming a pure hydrogen composition account-
ing for stellar irradiation, with a particular focus on the heating
caused by the near-ultraviolet photons, and accounting for non-
local thermodynamic equilibrium (NLTE) effects. They obtained
a temperature profile reaching a maximum of about 15000 K at
a pressure of 10−9 bar, but mentioned that the implementation of
cooling by Feii would decrease the temperature by 1000–2000 K,
presumably more with the inclusion of additional metals. They
also showed that in their model NLTE effects play a significant
role in shaping the properties of the planetary upper atmosphere.
The Hα hydrogen Balmer line has been the first one detected
in the atmosphere of KELT-9b, shortly followed by some of the
higher-order hydrogen Balmer lines (e.g., Yan & Henning 2018;
Cauley et al. 2019; Turner et al. 2020; Wyttenbach et al. 2020).
The detection of the Hα line revealed that the planet hosts an
extended, hot hydrogen envelope, while the large transit depth
gave rise to the idea that Hα could be used to directly probe
the extended, escaping planetary upper atmosphere, hence con-
strain mass loss (Yan & Henning 2018; Fossati et al. 2018; Gar-
cía Muñoz & Schneider 2019). Turner et al. (2020) showed that
the Hα line does not probe the planetary atmosphere beyond the
Roche lobe, however this does not prevent constraining the at-
mospheric mass-loss rate (Yan & Henning 2018; Fossati et al.
2018; Wyttenbach et al. 2020). As a matter of fact, the detec-
tion and modelling of the hydrogen Balmer lines enable one to
constrain the atmospheric temperature between about the mbar
and the nbar pressure level (García Muñoz & Schneider 2019;
Wyttenbach et al. 2020), hence the energetics driving the escape.
García Muñoz & Schneider (2019), Turner et al. (2020),
and Wyttenbach et al. (2020) employed the observed Hα line
profile of KELT-9b to extract information on the planetary at-
mospheric properties. García Muñoz & Schneider (2019) and
Turner et al. (2020) showed that the Hα synthetic transmission
spectrum computed accounting for NLTE effects and with the
system parameters obtained by Gaudi et al. (2017) was signifi-
cantly weaker than the observed one. García Muñoz & Schneider
(2019) concluded that this was possibly the result of an over-
estimation of the planetary mass, particularly because at that
time the mass measurement was affected by a large uncertainty
(2.88±0.84 MJup; Gaudi et al. 2017). However, additional and
more accurate radial velocity measurements confirmed the plan-
etary mass derived by Gaudi et al. (2017), further providing a
significantly smaller uncertainty (2.88±0.35 MJup; Borsa et al.
2019). In order to fit the observed Hα line profile, Turner et
al. (2020) employed a smaller planetary mass by about 30%,
but they suggested that the line profile may be also reproduced
by increasing the temperature compared to that provided by
PHOENIX, instead of decreasing the planetary mass. Wytten-
bach et al. (2020) employed a retrieval-like technique to recon-
struct the atmospheric temperature, mass-loss rate, and density
of excited hydrogen by fitting the observed Hα, Hβ, and Hγ
lines. They assumed an isothermal profile and a constant den-
sity ratio of excited hydrogen to total hydrogen, and did not con-
sider photoionisation. By keeping the hydrogen density profile
equal to that given by the Boltzmann equation, hence assuming
local thermodynamic equilibrium (LTE), they obtained an atmo-
spheric temperature of 13200+800−720 K. Instead, by leaving the den-
sity of excited hydrogen as a free parameter, they obtained an at-
mospheric temperature of 9600±1200 K and a density of excited
hydrogen relative to the total amount of hydrogen of about 10−11.
However, there are significant degeneracies among the free pa-
rameters.
In this work, we construct a large number of atmospheric
temperature-pressure (TP) profiles, ranging from about 1 to
10−11 bar, and employ the Cloudy NLTE radiative transfer code
(Ferland et al. 2017) to constrain the TP profile, or family of
TP profiles, that best reproduce the available transmission spec-
troscopy observations of the Hα and Hβ lines. Observationally
constraining the planetary atmospheric TP profile is an impor-
tant step towards the characterisation of the prototype ultra-hot
Jupiter and it significantly advances models of the planetary up-
per atmosphere, further helping to place ultra-hot Jupiter escape
on more solid observational ground. The knowledge, even if ap-
proximate, of the atmospheric TP profile would also enable one
to produce more accurate synthetic transmission spectra to be
employed for detecting metals in the planetary atmosphere, for
example, to refine the inference of the local thermodynamic state
and to better constrain physico-chemical processes in the atmo-
spheres of ultra-hot Jupiters.
This paper is organised as follows. In Sect. 2, we present the
considered observational material and compare the available Hα
and Hβ line profiles with each other. Section 3 describes how
we computed the synthetic TP profiles, while Sect. 4 presents
the modelling scheme we employed to calculate the synthetic
transmission spectra from the TP profiles. Section 5 presents the
results that we discuss in Sect. 6. We gather the conclusions of
this work in Sect. 7.
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2. Observed transmission spectra
Transmission spectra of KELT-9b covering at least one of the hy-
drogen Balmer lines, typically Hα, have been published by Yan
& Henning (2018), Cauley et al. (2019), Turner et al. (2020),
and Wyttenbach et al. (2020). Both Yan & Henning (2018)
and Turner et al. (2020) obtained the Hα transmission spec-
trum using the CARMENES high-resolution échelle spectro-
graph (R≈ 95,000) attached to the 3.5 m telescope of the Calar
Alto Observatory. The transmission spectrum of Yan & Hen-
ning (2018) was obtained combining transits observed during
two nights in 2017 (August and September), while that of Turner
et al. (2020) was obtained from one transit observation recorded
in 2018 (June). Cauley et al. (2019) obtained the Hα and Hβ
transmission spectra of KELT-9b following one transit obser-
vation collected in 2018 (July) using the PEPSI high-resolution
échelle spectrograph (R≈ 50,000) attached to the Large Binoc-
ular Telescope. We employ here the transmission spectrum ob-
tained considering only the first third of the transit observed by
Cauley et al. (2019), because the rest of the transit appears to be
characterised by variability. Wyttenbach et al. (2020) obtained
transmission spectra of the Hα to Hδ lines following two tran-
sit observations conducted in July 2017 and July 2018 with the
HARPS-N high-resolution spectrograph (R≈ 115,000) attached
to the 3.6 m Telescopio Nazionale Galileo.
Yan & Henning (2018) and Cauley et al. (2019) normalised
the already blaze-corrected spectra using linear fits to adjacent
continuum points, finally stitching the spectral orders together.
They further corrected telluric contamination employing a the-
oretical telluric spectrum, finally dividing each spectrum by the
average out-of-transit spectrum and then shifting all spectra to
the planet rest frame before co-adding the in-transit residual
spectra. Turner et al. (2020) applied SYSREM (Tamuz et al.
2005) to remove telluric and stellar lines and other systematics
from the blaze-corrected spectra, which have then shifted to the
planet rest frame before co-adding. Wyttenbach et al. (2020) fol-
lowed spectral reduction and analysis procedures similar to those
of Yan & Henning (2018) and Cauley et al. (2019), but they ex-
tracted the transmission spectrum computing the difference be-
tween in- and out-of-transit spectra to correct for the Rossiter-
McLaughlin (RM) effect, and only in a second step, the residu-
als have been divided by the average out-of-transit spectrum. All
authors corrected the data for the RM effect, while Yan & Hen-
ning (2018) and Cauley et al. (2019) further corrected the data
for the Center-to-Limb Variation (CLV) effect (see, for example
Yan et al. 2017).
Figure 1 compares the Hα (right panel) and Hβ (left panel)
transmission spectra published by Yan & Henning (2018),
Cauley et al. (2019), Turner et al. (2020), and Wyttenbach et
al. (2020). To ease the comparison, in the making of Fig. 1 we
removed the small wavelength shifts present among the differ-
ent line profiles, which are probably caused by the use of differ-
ent systemic radial velocity values. Because of differences in the
number of observed transits or in the collecting area of the tele-
scopes employed to obtain the data, the noise level in the trans-
mission spectra of Yan & Henning (2018), Cauley et al. (2019),
and Wyttenbach et al. (2020), as indicated by the error bars, is
significantly smaller than that of Turner et al. (2020).
The measurements of the full width at half maximum
(FWHM) given by the Gaussian fits indicate that there are signif-
icant differences among the observed line widths (see also Wyt-
tenbach et al. 2020, for a similar discussion). As indicated in Ta-
ble 1, the FWHM obtained from the Hα profile of Yan & Hen-
ning (2018) is about 1.5 times larger than those obtained from
Fig. 1. Transmission spectra of the hydrogen Balmer line profiles (Hβ,
left; Hα, right) published by Yan & Henning (2018, green), Cauley et al.
(2019, black), Turner et al. (2020, blue), and Wyttenbach et al. (2020,
orange). The magenta line is the weighted average profile obtained con-
sidering just the profiles of Cauley et al. (2019) and Wyttenbach et al.
(2020). Wavelengths are in vacuum to match those of the synthetic
transmission spectra (see Sect. 4). The data have been rebinned by a
factor of five for visualisation purposes. The dashed lines are Gaussian
fits to the data. The horizontal dotted line at one sets the continuum level
to guide the eye.
the profiles of Cauley et al. (2019) and Turner et al. (2020), while
that of Wyttenbach et al. (2020) lies in between those. Also for
the Hβ line, the FWHM derived from the profile of Wyttenbach
et al. (2020) is significantly larger than that obtained from the
profile of Cauley et al. (2019). The Hα and Hβ profiles of Wyt-
tenbach et al. (2020) are significantly shallower than those of
the other authors. These differences are not due to differences
in the spectral resolution of the instruments/data, but may stem
out of differences in the data reduction and analysis procedures,
although for example Cauley et al. (2019) accounts for the CLV
effect, while Turner et al. (2020) does not, but the two profiles are
comparable. Differences may, however, rise also from the treat-
ment of the Doppler shadow (Borsa et al. 2019; Wyttenbach et al.
2020) or from the fact that the different authors considered sig-
nificantly different systemic velocities. Such differences could
also rise as a result of instrumental systematics different for each
instrument and that have not been properly corrected for. Finally,
it is also possible that the observed differences are of astrophys-
ical nature and due to intrinsic variations of the hydrodynami-
cally escaping atmosphere. Indeed, Cauley et al. (2019) reported
on the possible presence of transit depth variations along a sin-
gle transit. Table 1 also shows that the equivalent widths derived
from the profiles of Wyttenbach et al. (2020) and Cauley et al.
(2019) are comparable, which is because the former are shal-
lower and broader, while the latter are deeper and narrower.
For the comparison of the synthetic spectra with the obser-
vations, we decided to consider only the transmission spectra
obtained by Cauley et al. (2019) and Wyttenbach et al. (2020).
This is because Yan & Henning (2018) and Turner et al. (2020)
provided only the Hα line, the profile of Turner et al. (2020) is
much noisier than the others, and the profile of Yan & Henning
(2018) appears to be significantly different (deeper and broader)
from the others. To account for the differences in the Hα and
Hβ line profiles and to increase the signal-to-noise of the trans-
mission spectra, we aligned the profiles of Cauley et al. (2019)
and Wyttenbach et al. (2020) employing the line centers obtained
from the Gaussian fits and computed the mean profiles using a
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weighted average. Therefore, in the end, the comparison with
synthetic spectra is based on the profiles obtained by Cauley et
al. (2019) and Wyttenbach et al. (2020), and on the weighted av-
erage profiles obtained considering the results of Cauley et al.
(2019) and Wyttenbach et al. (2020).
3. Temperature-pressure profiles
Lothringer et al. (2018) employed the PHOENIX stellar and
planetary atmosphere code to compute TP profiles of ultra-hot
Jupiters showing that they present strong temperature inversions
in the middle part of the atmosphere, at pressures between 10−1
and 10−5 bar, caused by absorption of the intense UV and opti-
cal stellar radiation (see also García Muñoz & Schneider 2019).
Fossati et al. (2018) used a PHOENIX TP profile, specifically
computed for KELT-9b, to estimate the planetary mass-loss rate.
Also this profile shows a rather steep temperature inversion, with
the increase occurring between 10−1 and 10−6 bar (Figure 2). The
presence of an inverted temperature profile has been observation-
ally confirmed by Pino et al. (2020).
Therefore, we took inspiration from the presence of the in-
version around the mbar level to draw a large number of empiri-
cal TP profiles, which are then used as basis to compute the syn-
thetic transmission spectra (Sect. 4) to be compared to the obser-
vations (Sect. 5). We computed 126 empirical TP profiles using
a modified version of the Three-channel Eddington Approxima-
tion (TCEA) temperature profile model by Guillot (2010), in the
form used by Line et al. (2013). In this approximation, the tem-
perature profile (T ) as a function of the atmospheric pressure (p)
is parametrised as
T (p) =
{
0.75
[(
2
3
+ τ
)
t4int + ξ t
4
irr
]}0.25
, (1)
where tint is the planetary internal temperature,
τ =
κ 10
p
s
gp
, (2)
ξ =
2
3
{
1
γ
[
1 + (0.5γτ − 1) e−γτ] + γ (1 − 0.5τ2) E2(γτ) + 1} ,
(3)
and
tirr = β
√
Rs
2a
Teff . (4)
The parameters of the model that we vary to modify the shape
of the TP profile are κ, γ, β, and s. The parameter κ, which is re-
lated to the Planck thermal infrared opacity, shifts the TP profile
in pressure. The parameter γ, which is related to the visible-to-
thermal stream Planck mean opacity ratio, controls the difference
in temperature between the top and bottom of the atmosphere.
The parameter β, which is related to various atmospheric tem-
perature distribution effects (e.g., albedo, emissivity, day-night
redistribution), shifts the TP profile in temperature. The parame-
ter s was not present in the original formalism of Guillot (2010)
and Line et al. (2013) and we introduce it to control the slope of
the temperature gradient in the atmosphere. To reduce the num-
ber of free parameters, we set tint equal to zero, hence Eq. (1)
becomes
T (p) =
(
0.75 ξ t4irr
)0.25
= (0.75 ξ)0.25 tirr . (5)
In Eq. (2), gp is the planetary surface gravity computed con-
sidering the measured planetary mass and transit radius and, in
Eq. (3), E2(γτ) is the second order exponential integral function
of γτ. In Eq. (4), Rs is the stellar radius, a is the planetary orbital
separation, and Teff is the stellar effective temperature. Table 2
lists the relevant system parameters adopted in this work.
The TP profiles have been constructed considering the al-
ready available constraints. For setting the range of tempera-
tures spanned by the models in the lower atmosphere, we consid-
ered the day- and night-side temperatures measured from phase
curve observations (Mansfield et al. 2020; Wong et al. 2020).
We further considered that the TP profile should present a tem-
perature rise (Lothringer et al. 2018; Pino et al. 2020) and that
the temperature in the PHOENIX TP profile at pressures below
about 10 mbar may be underestimated (Turner et al. 2020). At
the bottom of the atmosphere, around the 1 bar level, the empir-
ical TP profiles have temperatures ranging between about 3500
and 5500 K (i.e., about 1000 K above and below the measured
day-side temperature), while at the top of the atmosphere the
TP profiles have temperatures ranging between about 6000 and
11000 K. We did not consider higher upper atmospheric temper-
atures because it would be unlikely for the planet to have an up-
per atmosphere hotter than the stellar photosphere (see Table 2),
which is the source of heating (see also Mitani et al. 2020). Giant
planets in close orbit to late-type stars present an upper atmo-
spheric temperature hotter than the stellar photosphere, because
the heating source is the radiation emitted by the stellar chromo-
sphere and transition region, which are significantly hotter than
the stellar photosphere. However, this is not the case for KELT-
9b because the star does not possess a chromosphere and transi-
tion region (Fossati et al. 2018). Therefore, in the absence of an
atmospheric heating mechanism other than photospheric stellar
irradiation, an atmospheric temperature significantly higher than
that of the stellar photosphere would be unlikely.
The 126 empirical TP profiles are divided into families hav-
ing four different minimum temperatures at the bottom of the
atmosphere (i.e., about 3500, 4000, 4750, and 5500 K) and six
different maximum temperatures at the top of the atmosphere
(i.e., about 6000, 7000, 8000, 9000, 10000, and 11000 K). In ad-
dition to the temperature minima and maxima, we varied also
the pressure level at which the temperature rises and the slope
of the temperature increase. We computed the TP profiles by
setting κ equal to 2.5 or 3.1, γ ranging between 0.28 and 2.32
(81 different values), β ranging between 0.98 and 1.62 (34 dif-
ferent values), and s equal to 1, 2.5, or 4. For each TP profile,
we set the maximum pressure (i.e., bottom of the atmosphere) at
2 bar and the minimum pressure (i.e., top of the atmosphere) at
8×10−12 bar, and divided the atmosphere into 29 layers equally
spaced in log p (i.e., steps of 0.408 in log p). This number of
layers is a compromise between describing the TP profiles with
enough accuracy and computation time. In this respect, for a few
TP profiles, we run additional models with a larger number of
layers (up to 35) obtaining the same results. This range of pres-
sures is wide enough to fully contain the atmospheric formation
region of the hydrogen Balmer lines (Turner et al. 2020) and
ensures that the atmosphere is completely transparent to optical
light at the top of the atmosphere and completely opaque to opti-
cal light at the bottom of the atmosphere. Figure 2 shows all TP
profiles, also comparing them with that obtained with PHOENIX
for KELT-9b, while Table A.1 lists the TP profiles and the pa-
rameters employed to obtain them. For reference, among our set
of TP profiles, that computed by PHOENIX for KELT-9b is best
reproduced by the TP profile number 025, which has κ equal to
3.1, γ equal to 0.99, β equal to 1.03, and s equal to 2.5. As men-
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Table 1. Line depth, FWHM, and equivalent width derived from the Gaussian fits to the line profiles of Yan & Henning (2018), Cauley et al.
(2019), Turner et al. (2020), Wyttenbach et al. (2020), and of the weighted average line profile obtained averaging those of Cauley et al. (2019)
and Wyttenbach et al. (2020).
Author Hα Hβ
Author Depth [%] FWHM [Å] Equivalent Depth [%] FWHM [Å] Equivalent
width [mÅ] width [mÅ]
Yan & Henning (2018) 1.13±0.02 1.13±0.01 13.5±0.2 − − −
Cauley et al. (2019) 1.13±0.03 0.80±0.01 9.4±0.2 0.83±0.04 0.55±0.01 5.0±0.2
Turner et al. (2020) 1.05±0.10 0.85±0.04 8.8±0.6 − − −
Wyttenbach et al. (2020) 0.92±0.03 0.97±0.02 9.4±0.2 0.68±0.04 0.74±0.02 5.1±0.2
Weighted average 1.07±0.02 0.850±0.008 9.4±0.1 0.77±0.03 0.64±0.01 5.0±0.1
Table 2. Adopted KELT-9 system parameters.
Parameter Value Source
Teff [K] 9600 Borsa et al. (2019)
Ms [M] 2.32 Borsa et al. (2019)
Rs [R] 2.418 Borsa et al. (2019)
a [AU] 0.03368 Borsa et al. (2019)
Mp [MJup] 2.88 Borsa et al. (2019)
Rp [RJup] 1.936 Borsa et al. (2019)
b 0.168 Borsa et al. (2019)
tioned above, the majority of the TP profiles is on average hotter
than that computed by PHOENIX, because this is what was sug-
gested by the analyses of García Muñoz & Schneider (2019),
Turner et al. (2020), and Wyttenbach et al. (2020).
4. Synthetic transmission spectra
To compute the synthetic Hα and Hβ transmission spectra on the
basis of the TP profiles shown in Fig. 2, we employed the Cloudy
spectral synthesis code following the scheme described in Turner
et al. (2020) and Young et al. (2020). Cloudy is a spectral syn-
thesis code designed to simulate physical conditions within an
astrophysical plasma, predicting the emitted/absorbed spectrum,
further accounting for NLTE effects (Ferland et al. 2017), which
is important for correctly computing the population of atoms
in excited states, such as those leading to the formation of the
hydrogen Balmer lines (e.g., García Muñoz & Schneider 2019;
Young et al. 2020). Cloudy further accounts for hydrogen and
metal collisional excitation and ionisation, as well as photexci-
tation and photoionisation.
Since our empirical TP profiles are one-dimensional, we
assume a spherically symmetric planetary atmosphere varying
only with altitude. Cloudy is capable to consider all elements up
to Zn and, to speed up the calculations, we took into account just
H, He, C, O, Na, Mg, Si, K, Ca, Ti, and Fe, which are abun-
dant and provide a significant contribution to the electron den-
sity through their ionisation, hence also to the mean molecular
weight and continuum level. The only molecules we took into ac-
count are those of hydrogen, namely H2, H+2 , and H
+
3 (see Young
et al. 2020, for more details). Other molecules play a minor role
in determining the atmospheric physical properties (Lothringer
& Barman 2019), particularly around the formation region of
the hydrogen Balmer lines. We took the atmospheric abundance
profile of the considered elements from the PHOENIX model,
which assumes solar metallicity, and let Cloudy compute disso-
ciation, ionisation, and excitation.
In the atmospheric temperature profiles, the radial dimension
is given by the pressure, but the Cloudy calculations require a
physical length. Therefore, we computed the radius of each layer
i using the pressure scale height
Hi =
kB Ti
µi gi
, (6)
where kB is the Boltzmann constant, Ti is the temperature of
layer i, µi is the mean molecular weight of layer i, and gi is the
planetary gravity at layer i. We then obtained the planetary radius
corresponding to each layer by computing
ri =
{−Hi ln (pi/pi−1) + ri−1 pi > p0
−Hi ln (pi/pi+1) + ri+1 pi ≤ p0 (7)
where pi is the atmospheric pressure at layer i and p0 is the ref-
erence pressure at the observed planetary radius Rp.
Because of the short planetary orbital distance and rather
high stellar mass, the Roche lobe of KELT-9b is smaller than that
of most hot Jupiters and it plays a significant role in shaping the
atmospheric properties (e.g., Fossati et al. 2018). For this reason,
when computing gi in Eq. (6), we accounted for the shape and
location of the Roche lobe in the direction perpendicular to the
sub-stellar point, i.e. that probed by transmission spectroscopy.
We mapped each one-dimensional (1D) TP profile onto con-
centric circles and then calculated the lengths through successive
layers of atmosphere along line-of-sight transmission chords
(see Turner et al. 2020; Young et al. 2020). These lengths,
along with the atmospheric properties of their respective layers,
have been stacked and entered into Cloudy as the line of sight
transmission medium. We then computed separate transmission
spectra with Cloudy for each layer, at a spectral resolution of
R= 100,000 and without adding any turbulent velocity. Finally,
we computed the total transmission spectrum of the planet by
adding up the single layer spectra, weighted by their relative area
projected on the stellar disc and accounting for the planetary im-
pact parameter (b). When doing this last operation, we did not
account for limb darkening effects because the observations of
Yan & Henning (2018), Cauley et al. (2019), and Wyttenbach et
al. (2020), which are those with the higher signal-to-noise ratio
and hence more relevant for the analysis, are already corrected
for the CLV effect. Further details on the algorithm employed to
generate transmission spectra with Cloudy are given by Young
et al. (2020). Because of the duration of Cloudy calculations, it
is not possible to carry out this work accounting for the three
dimensional geometry of the atmosphere, but we discuss the im-
pact of the 1D assumption in Sect. 6.7. Overall, the broadening
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Fig. 2. Empirical TP profiles used as input for the spectral synthesis calculations. Black, red, blue, and green lines identify the models having a
lower temperature, at the bottom of the atmosphere, close to 3500, 4000, 4750, and 5500 K, respectively. Solid lines are for profiles computed
setting κ equal to 2.5, while dashed lines are for profiles computed setting κ equal to 3.1 The thick orange line shows the TP profile obtained for
KELT-9b using PHOENIX.
terms considered in computing the synthetic profiles are natural,
temperature, Stark, and instrumental broadening. We run a few
models testing the relative impact of the different broadening
terms (excluding instrumental broadening) obtaining that ther-
mal broadening is the most relevant, while Stark broadening is
the least important. We do not consider rotational broadening,
which would however have a small impact on the line profiles,
compared in particular to thermal broadening.
Following what indicated by the PHOENIX model, we first
took p0 to be equal to 0.01 bar (Turner et al. 2020). However,
because the transmission spectra are at the end normalised to
the continuum, the choice of the reference pressure affects the
line strength of the synthetic spectra. Furthermore, because each
synthetic spectrum is computed employing a different TP pro-
file, the reference pressure depends on the TP profile. To iden-
tify the reference pressure to employ to compute each transmis-
sion spectrum, we applied an iterative procedure. We first com-
puted one transmission spectrum for each TP profile assuming
p0 = 0.01 bar. Then, for each transmission spectrum, we set p0
equal to the pressure value of the layer for which the average
continuum opacity calculated by Cloudy in the region covered
by the Hα and Hβ lines is closest to 2/3 (the continuum opacity
at the wavelengths covered by the Hα and Hβ lines is due to H−).
Finally, we recomputed a new transmission spectrum with the
updated reference pressure and followed this procedure again,
until convergence. We reached convergence for all profiles fol-
lowing at most four iterations. The Cloudy code is not parallel,
therefore we parallelised the computation of the different trans-
mission rays. Employing 126 CPUs, split into two clusters to
avoid memory overflow, we computed the transmission spectra,
including the convergence to obtain the continuum level, within
about 2.5 weeks.
Figure 3 shows, as an example, the continuum optical depth
as a function of wavelength for each atmospheric layer computed
with Cloudy in transmission geometry at the last iteration con-
sidering the TP model number 047. The continuum optical depth
around the position of the Hα and Hβ lines is closest to 2/3 at the
level corresponding to a pressure of 10 µbar.
Fig. 3. Continuum optical depth as a function of wavelength in the op-
tical range for each atmospheric layer in transmission geometry consid-
ering the TP model number 047. The values shown on the left-hand side
give the logarithm of the pressure of the corresponding layer. For visu-
alisation purposes, the pressure level is shown for every second layer
starting from the top of the atmosphere and stop where the continuum
optical depths of the layers start overlapping. To guide the eye, the red
horizontal line is at 2/3, while the vertical blue dotted lines indicate the
position of the Hα and Hβ lines.
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5. Results
Before comparing the observed and synthetic line profiles, we
normalised the synthetic spectra by fitting first order polynomi-
als (one for the Hα and one for the Hβ line) to continuum points
adjacent to and on both sides of each line. We also corrected
the observations for wavelength shifts employing the line cen-
ters obtained from the Gaussian fits.
We compared the observed and synthetic profiles employ-
ing the χ2 and the line equivalent widths as diagnostics. For the
former, χ2 has been computed employing the non-rebinned ob-
served spectra and by interpolating the synthetic spectra on the
sampling of each observation. For the latter, we compared the
observed and synthetic equivalent widths and also the ratio of
the Hα-to-Hβ equivalent widths. Both χ2 and equivalent widths
have been evaluated considering a range around the line center
of 2 Å for Hα and of 1.4 Å for Hβ. In the case of the Hα line
there are 141 degrees of freedom, while in the case of the Hβ
line there are 133 degrees of freedom.
We consider both χ2 and equivalent widths, instead of just
χ2, to reduce the importance of reproducing line shape over line
strength. Reproducing line profiles implies fitting both strength
and shape of the lines, including line widths and shape of the
wings, which is significantly more challenging than reproducing
line strengths alone, that is equivalent widths. The widths and
wings shape of spectral lines are influenced by several factors
(e.g., turbulence) and physical processes (e.g., collisions), which
are less likely to be correctly reproduced by the modelling. In-
stead, line strengths are more influenced by the general physical
properties of the gas, such as temperature and densities, which
are those we primarily aim to characterise.
Figure 4 shows the results obtained from the χ2 analysis and
from the comparison of the equivalent widths. The top-left panel
of Fig. 4 indicates that there is a family of TP profiles that both
minimises χ2, reaching values of χ2 between 100 and 400 (i.e.,
reduced χ2 – χ2red – between about 1 and 3; see top-right panel of
Fig. 4) for both lines, and matches well the measured equivalent
widths. However, the bottom panels of Fig. 4 show that this fam-
ily of models does not fit equally well the measured Hα-to-Hβ
equivalent width ratio.
In general, because of the smaller error bars, the χ2 obtained
from the analysis of the weighted average profiles is larger than
that obtained from the analysis of the single profiles. We also find
that the profiles of Wyttenbach et al. (2020) are a better match to
the synthetic lines. This is because the Hα and Hβ lines obtained
by Wyttenbach et al. (2020) are shallower and broader than those
of Cauley et al. (2019). We come back to this point later in this
Section.
We identified the family of TP profiles best fitting the obser-
vations on the basis of the considered diagnostics by extracting
those fulfilling the conditions
χ2red,Hα,WA ≤ 3.0
χ2red,Hβ,WA ≤ 1.8
|∆ EQWHα,WA| ≤ 0.0012
|∆ EQWHβ,WA| ≤ 0.0012
|∆ EQWratio,WA| ≤ 0.12 ,
(8)
where χ2red,Hα,WA and χ
2
red,Hβ,WA are the χ
2
red values computed
for the weighted average Hα and Hβ line profiles, respectively,
|∆ EQWHα,WA| and |∆ EQWHβ,WA| are the absolute values of the
difference between observed and synthetic equivalent widths
considering the weighted average Hα and Hβ line profiles, re-
spectively, and |∆ EQWratio,WA| is the absolute value of the dif-
ference between observed and modelled Hα-to-Hβ equivalent
width ratio computed considering the weighted average line pro-
files. Under these conditions, the best fitting models correspond
to those of the TP profiles number 030, 047, 054, 101, 108, and
125 that are shown in Fig. 5. We further looked for the three best
fitting models by setting more stringent conditions, namely
χ2red,Hα,WA ≤ 2.8
χ2red,Hβ,WA ≤ 1.6
|∆ EQWHα,WA| ≤ 0.0011
|∆ EQWHβ,WA| ≤ 0.0011
|∆ EQWratio,WA| ≤ 0.11 ,
(9)
obtaining that the best fitting TP profiles are 047, 108, and 125,
which are highlighted in Fig. 5 by thicker lines. The values given
in the conditions listed in Eq. (8) and (9) are arbitrary. This is
because we just aim at identifying the general properties of the
family of TP profiles leading to best fit the observations. In the
next section, we then focus as an example on just one of those
TP profiles, which has been chosen on the basis of considerations
independent from the fitting of the hydrogen Balmer lines.
Figure 5 clearly shows that the observations are best re-
produced by models based on TP profiles having an upper at-
mospheric temperature around 10000–11000 K, namely about
4000 K hotter than what predicted by the PHOENIX model and
comparable to the stellar effective temperature. In general, syn-
thetic lines computed on the basis of TP profiles with larger γ
values are a better fit to the observations. Furthermore, the fam-
ily of TP profiles best fitting the observations presents the tem-
perature inversion in the middle of the atmosphere, roughly be-
tween 10 mbar and 1 µbar, indicating that the best fitting TP pro-
files are neither those with a very steep inversion at the bottom
of the atmosphere, nor those with the inversion high up in the
atmosphere. Figure 5 also suggests that the observed Hα and
Hβ line profiles do not depend of the temperature of the lower
atmosphere (i.e., &0.1 bar). However, the planetary temperature
measured through phase curve observations can be at aid in fur-
ther identifying the best fitting TP profile. As a matter of fact,
at the photosphere (≈10 mbar level), the TP profiles number 047
and 125 are significantly hotter than the measured planetary day-
side temperature, making TP model number 108 the most likely
of the three (see also Lothringer & Barman 2020). Therefore,
the TP profile number 108 is the one we employ to represent the
family of TP profiles best fitting the observations and that we
thoroughly discuss in the next section.
We performed this same analysis again, but considering the
profiles of Cauley et al. (2019) and Wyttenbach et al. (2020) sep-
arately. We obtained that the result on the temperature of the up-
per atmosphere is robust as is does not depend on the chosen
dataset, while the result on the shape and position of the tem-
perature inversion depends slightly on the considered dataset,
with the profiles obtained by Cauley et al. (2019) leading to a
steeper temperature inversion located deeper in the atmosphere
compared to what we obtained from the analysis of the profiles
given by Wyttenbach et al. (2020).
Figure 6 shows the observed Hα and Hβ line profiles in com-
parison with the synthetic lines obtained employing the TP pro-
files number 108 (thick red solid line in Fig. 5), 025, which is
the TP profile most resembling the PHOENIX one, and 114,
which is the TP profile leading to the strongest Balmer lines. The
best fitting profiles are slightly broader and shallower than the
weighted averaged Hα and Hβ lines. The line depths of the best
fitting synthetic profiles match well those of the profiles given
by Wyttenbach et al. (2020), but are broader, while they are shal-
lower and even broader than those of Cauley et al. (2019).
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Fig. 4. Top-left: χ2 vs difference between observed and modelled equivalent width (EQW) considering the profiles obtained by Cauley et al. (2019,
black), Wyttenbach et al. (2020, orange), and for the weighted average (purple). Asterisks and rhombi are for the Hα and Hβ profiles, respectively.
Bottom-left: χ2 obtained from the analysis of the Hα line profiles vs difference between observed and modelled Hα-to-Hβ equivalent width ratio.
The error bars at the top-left (top panel) and bottom-left (bottom panel) corners indicate the size of the equivalent width and equivalent width ratio
uncertainties. Right: same as left, but with χ2red on the x-axis. The dashed lines at zero and one are to guide the eye. In all panels, the position of
the results obtained with the TP profiles number 025 and 108 is marked by red and blue circles, respectively.
Fig. 5. Same as Fig. 2, but for the TP profiles best fitting the observed
Hα and Hβ lines according to the conditions listed in Eq. (8). The
thicker lines indicate the three TP profiles fulfilling the stricter con-
ditions listed in Eq. (9). The hatched area shows the main formation
region of the Hα and Hβ lines according to the three best fitting models.
In agreement with Turner et al. (2020), the synthetic pro-
file obtained employing a TP structure comparable to that given
by PHOENIX leads to significantly weaker lines. The synthetic
spectra presenting the strongest Hα and Hβ absorption features
are only slightly deeper than those of Cauley et al. (2019), but
are significantly broader, which is why both equivalent width
and χ2red analyses do not favour these models.
In general, as shown in Fig. 7, the synthetic profiles that best
fit the observed line depths, overestimate the observed widths.
We remark that the broadening terms considered in computing
the synthetic profiles are natural, temperature, Stark, and instru-
mental broadening, and that Stark broadening has a negligible
impact on the total line broadening. It may be possible that the
data analysis procedure, particularly the spectral normalisation,
removes the signal coming from the far line wings, which the
synthetic spectra suggest being not negligible, particularly for
Hα, hence artificially reducing the width of the observed lines.
6. Discussion
We analyse here in detail the results. We focus on the TP model
profiles number 025, which is the closest to the one obtained
with PHOENIX, and number 108, which, of the three models
best fitting the planetary Hα and Hβ line profiles, is the one with
the temperature of the lower atmosphere closer to what obtained
from phase curve observations (Wong et al. 2020; Mansfield et
al. 2020; Lothringer & Barman 2020).
6.1. Atmospheric composition
Figure 8 shows the details of the atmospheric hydrogen com-
position, namely the densities of neutral hydrogen (Hi), protons
(Hii), H−, molecular hydrogen (H2), H+2 , H
+
3 , and electrons (e
−)
with respect to the total hydrogen density, as a function of pres-
sure for the TP models 025 and 108. For these calculations, we
employed a geometry in which the atmosphere is illuminated
from the top.
For the cooler TP profile, the atmosphere is dominated by
neutral hydrogen at pressures higher than about 10−9 bar, while
below that pressure protons are the most abundant species. For
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Fig. 6. Top: same as Fig. 1, but the dashed black, red, and blue lines are the hydrogen Balmer line profiles obtained employing the TP profiles
number 108, 025, and 114, respectively. The TP profile number 025 is the most similar to the PHOENIX self-consistent TP profile, the TP profile
number 108 is the one leading to best fit the observed hydrogen Balmer lines, while the TP profile number 114 is the one leading to generate
the strongest Balmer lines within our sample. The black, vertical dashed lines enclose the wavelength ranges considered to compute χ2 and the
equivalent widths. Bottom: TP profiles corresponding to the 108 (black), 025 (red), and 114 (blue) model numbers.
Fig. 7. Difference between observed and synthetic line FWHM as a
function of the difference between observed and synthetic line depth for
the profiles obtained by Cauley et al. (2019, black), Wyttenbach et al.
(2020, orange), and for the weighted average profile (purple). Asterisks
and rhombi are for the Hα and Hβ lines, respectively. The dashed hori-
zontal and vertical lines at 0 are to guide the eye. The models best fitting
the observed line depths overestimate the lines FWHM, and vice-versa.
The error bars at the bottom-right corner indicate the size of the un-
certainties on the measured line depth and FWHM. The position of the
results obtained with the 025 and 108 TP profiles is marked by red and
blue circles, respectively.
the hotter TP profile, instead, this threshold moves at a higher
pressure of about 10−6 bar.
At the bottom of the atmosphere, at pressures higher than
about 10−3 bar, the atmosphere is dominated by Hi and H2, with
the latter decreasing rapidly with decreasing pressure. The third
most abundant hydrogen species in the lower atmosphere is H−,
but Hii becomes quickly more abundant, at pressures of about
10−2 bar and >1 bar for the cooler and hotter TP models, respec-
tively. This is mostly due to thermal ionisation, because hydro-
gen photoionisation occurs at higher altitudes and it is believed
to be small due to the shape of the stellar spectral energy dis-
tribution (Fossati et al. 2018). Despite this, at pressures higher
than about 10−8 bar, the profiles obtained considering the hotter
TP model indicate that H− is on average about 10 times more
abundant than what obtained considering the cooler TP model.
This has an effect on the continuum level at optical and near in-
frared wavelengths that in ultra-hot Jupiters is controlled mostly
by H− and Hi bound-free opacities (e.g., Arcangeli et al. 2018;
Parmentier et al. 2018).
Figure 9 shows the mixing ratio for some of the species
observationally most relevant as a function of pressure for the
TP models number 025 and 108. Because of the assumption of
a solar composition, Hei is the second most abundant species
throughout most of the atmosphere. The distribution of Ca atoms
is similar in the two cases, with Cai dominating below the
∼0.1 bar level, Caii dominating up to the ∼10−5 bar level, above
which Caiii is the dominant Ca species. For the cooler TP model,
Na is mostly neutral at pressures higher than 0.1 bar, while it is
singly ionised throughout the whole atmosphere for the hotter
TP model.
Because of their similar ionisation potentials, Mg and Fe
present comparable behaviours, with Fei and Mgi being the dom-
inant species at pressures higher than 10–100 mbar, while Feii
and Mgii are more abundant at lower pressures. Interestingly, for
the hotter TP model, at pressures below 10−6 bar there is a mix-
ture of almost equally abundant Feii and Feiii. It may be therefore
possible to further constrain the TP profile in KELT-9b by look-
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Fig. 8. Density relative to the total density of hydrogen for neutral hy-
drogen (Hi; black solid), protons (Hii; red), molecular hydrogen (H2;
green), H+2 (blue), H
+
3 (violet), H
− (orange), and electrons (e−; black
dashed) computed for the TP model number 025 (top) and 108 (bot-
tom).
Fig. 9. Mixing ratios for hydrogen (black), H2 (black-dotted), He (red),
Ca (blue), Fe (green), Mg (violet), Na (orange), and electrons (brown)
as a function of atmospheric pressure. Neutral (Xi), singly ionised (Xii),
and doubly ionised (Xiii) species are marked by solid, dashed, and dash-
dotted lines, respectively. The top panel is for the TP model number 025,
while the bottom panel is for the TP model number 108.
ing for the presence of Feiii lines in the planetary transmission
spectrum. Some Feiii resonance lines are conveniently located
in the near-ultraviolet (3200–3300 Å) and in the blue part of the
optical spectrum (4000-5000 Å), hence where the stellar flux is
high, enabling one to obtain high-quality spectra with a range of
facilities such as HST, CUTE (Fleming et al. 2018), and high-
resolution ground-based spectrographs.
6.2. Comparison with previous results
We compare here Cloudy mixing ratios obtained for the
cooler TP model, which is comparable to that computed with
PHOENIX, with the results of Kitzmann et al. (2018) and
Lothringer et al. (2018). However, one has to keep in mind
that our runs do not include molecules, except for H-bearing
molecules, while Kitzmann et al. (2018) and Lothringer et al.
(2018) consider a range of molecules. Kitzmann et al. (2018)
employed an inverted TP profile with the upper atmospheric tem-
perature about 1500 K cooler than that of our TP model num-
ber 025, and 1700 K cooler than that computed with PHOENIX.
Furthermore, our calculations, as well as those of Kitzmann et
al. (2018), account for both thermal ionisation and photoionisa-
tion, while the results of Lothringer et al. (2018) were obtained
considering only thermal ionisation.
The Cloudy simulation indicates that at a pressure of about
2 bar, our upper pressure boundary, the mixing ratios of Hi is
higher than that of H2 implying that the two mixing ratios be-
come equal at even higher pressures and in particular higher than
those obtained by both Lothringer et al. (2018, ∼10−2 bar) and
Kitzmann et al. (2018, ∼2 bar). The Fe mixing ratios computed
by Cloudy are very similar to those obtained by Kitzmann et al.
(2018), who also found that Feii becomes the dominant species
at pressures lower than 10 mbar. We obtain a good match also
for the Na mixing ratio with what presented by Lothringer et
al. (2018). A significant difference is found instead for the elec-
tron mixing ratio in the upper part of the atmosphere, where
Cloudy gives a ∼100 times larger electron density than that
given by Lothringer et al. (2018). We ascribe this to the fact
that Cloudy considers photoionisation, while PHOENIX does
not (Lothringer et al. 2018). There is also a difference in the H−
abundance between what we obtained with Cloudy and what pre-
sented by Lothringer et al. (2018). While their H− mixing ratio
decreases almost monotonically with decreasing pressures, our
H− mixing ratio increases up to 10−4–10−5 bar to then decrease
monotonically at lower pressures (see Fig. 8). Since at high pres-
sures the electron density can be considered to be consistent be-
tween the two computations, we ascribe this difference to differ-
ent implementations of the physics controlling H−. It will be im-
portant in the future to perform a detailed comparison, because
of the importance of H− in controlling the planetary atmospheric
continuum, and hence the predicted strength of spectral lines.
6.3. Relevance of NLTE effects
We took advantage of the NLTE radiative transfer capabilities of
Cloudy to study the presence and impact of NLTE effects in the
modelling of the Hα and Hβ lines. To this end, we ran Cloudy
for the TP models 025 and 108 employing a geometry in which
the atmosphere is illuminated from the top, extracting then the
NLTE hydrogen level populations and the Hα and Hβ optical
depth as a function of atmospheric pressure. We further used the
TP models to extract the ratio between the densities of hydrogen
in the n = 2 and n = 1 levels employing the Boltzmann equation,
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hence assuming LTE. Figure 10 shows the results of this analy-
sis.
Fig. 10. Top-left: ratio of the n = 2 and n = 1 level populations for neutral
hydrogen (bottom x-axis) as a function of atmospheric pressure (left y-
axis) and planetary radius (right y-axis) computed with Cloudy in NLTE
(solid line) and using the Boltzmann equation (i.e., LTE; dashed line)
considering the TP model number 025, shown by the red line (red top x-
axis). Top-right: line optical depth as a function of atmospheric pressure
for Hα (solid line) and Hβ (dashed line) computed with Cloudy con-
sidering the TP model number 025. Both hydrogen lines form mostly
between 10−5 and 10−8 bar. Bottom: same as top panels, but for the TP
model number 108.
A comparison of the top- and bottom-left panels of Fig. 10
indicates that the hotter TP model indeed leads to a larger density
of excited hydrogen atoms by a factor of 103–104 compared to
what obtained from the cooler TP model, hence stronger Balmer
lines better fitting the observations. Figure 10 also shows that,
except for the case of the hotter TP profile and at pressures be-
low ∼10−6 bar, there seems to be a general good match between
the LTE and NLTE n = 2 and n = 1 hydrogen level populations,
possibly indicating that the LTE approximation might be valid
for computing the hydrogen Balmer lines. However, the profiles
obtained from TP model number 025 indicate that at pressures
corresponding to the main Hα and Hβ line formation region (i.e.,
between 10−5 and 10−8 bar; right) the n = 2 LTE level population
is almost 10 times smaller than that computed accounting for
NLTE effects, hence leading to LTE underestimating the strength
of the lines. For the hotter TP model, the LTE and NLTE level
populations at pressures below ∼10−6 bar diverge significantly,
leading to LTE overestimating the strength of the lines. We also
note that, considering an isothermic profile with a temperature
similar to that of the upper atmosphere of TP model number
108, Wyttenbach et al. (2020) found an even larger difference
(about 106) in the LTE population of excited hydrogen compared
to NLTE, but their result is based on constant temperature and
density ratio profiles that are further strongly correlated with the
mass-loss rate, which hamper comparisons between the two re-
sults.
By construction, Cloudy is unable to perform calculations
of line profiles assuming LTE for the n = 1 and n = 2 hydrogen
levels. For this reason, we computed the Hα transmission line
profiles assuming LTE approximation as follows. First, we com-
puted the LTE number densities of excited (i.e., n = 2) hydrogen
using the Boltzmann formula, further considering the lowering
of the ionisation potential due to Debye screening by electrons
and ions in the calculation of the partition function. Next, we
assumed the absorption profile to be described by a Voigt func-
tion and considered temperature (Doppler), natural, and pres-
sure (Stark and van der Waals) broadening. Because of the rel-
atively low gas density in the region of the atmosphere probed
by transmission spectroscopy, pressure broadening is weak, in
agreement with our Cloudy simulations and the results of Wyt-
tenbach et al. (2020). We additionally cross checked our calcula-
tions by using a more elaborate treatment of the Hα profile em-
ploying pressure broadening tables after Lemke (1997) obtaining
a good match between the two approaches. This confirms that a
Voigt profile is a good approximation for interpreting transmis-
sion observations of the Hα line. All relevant numerical routines
were taken from the LLmodels stellar model atmosphere code
(Shulyak et al. 2004). To calculate the LTE transmission profiles
we employed the τ-REx (Tau Retrieval for Exoplanets) forward
model (Waldmann et al. 2015a). We used an extended version of
the original package, which now includes additional continuum
opacity sources relevant for the high atmospheric temperatures
of KELT-9b, as described in Shulyak et al. (2020).
Because LLmodels is a module structured code, we turned
some of its modules into numerical libraries and loaded them
into τ-REx to compute continuum opacity additional to those
described in Shulyak et al. (2020). In particular, we calculated
opacities due to Hi, He, and various metals, which contribute a
small, but non-negligible, ∼8% to the total transmission depth at
the wavelengths around the Hα line.
The number densities of neutral and ionised species were
taken from the Cloudy calculations for the respective model
structures. This ensures that the background opacity is as sim-
ilar as possible between the τ-REx and Cloudy computations,
enabling us to isolate and study the effect of NLTE on the Hα
transmission spectra.
Figure 11 presents the comparison of the LTE and NLTE Hα
transmission spectra computed considering the TP model num-
ber 025 and 108. As expected from the comparison of the level
populations, the LTE Hα profiles obtained considering the TP
model number 025 is comparable to that obtained considering
NLTE effects. Instead, with the hotter model, the LTE Hα trans-
mission spectrum is stronger than the one obtained considering
NLTE, particularly for the line wings, though the line core ap-
pears to be a good fit, in a way similar to our model producing
the strongest lines (TP model number 114; see Figure 6). This
difference is caused by the difference in the LTE and NLTE level
populations at pressures lower than 10−6 bar.
In agreement with García Muñoz & Schneider (2019), our
simulations indicate that NLTE effects are extremely impor-
tant for correctly modelling the hydrogen Balmer lines in the
transmission spectrum of KELT-9b. Although Wyttenbach et al.
(2020) do not find strong evidence in favor of NLTE, they find a
departure from LTE of the order of 106 and assumed a constant
density ratio of excited hydrogen to total hydrogen throughout
the atmosphere, which our simulations clearly indicate being
not realistic, particularly for the hotter models (i.e., tempera-
tures similar to those obtained by Wyttenbach et al. 2020). In-
deed, contrary to Wyttenbach et al. (2020), who considered only
a simple scaling for the hydrogen n = 2 level population, we car-
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Fig. 11. Comparison between observed and synthetic Hα line profiles
computed in LTE (red dashed line) and NLTE (black dashed line) con-
sidering the TP model numbers 025 (left) and 108 (right). The colour
scheme of the observed line profiles is the same as in Fig. 1.
ried out realistic and self-consistent NLTE calculations taking
into account the relevant radiative and collisional transitions be-
tween bound and free states in the hydrogen atom.
In an attempt to more meaningfully compare our LTE cal-
culations with those of Wyttenbach et al. (2020), we com-
puted an LTE Hα profile assuming an isothermal temperature at
T = 13000 K, which is the LTE temperature profile obtained by
Wyttenbach et al. (2020) best fitting the observed Hα line, and
the chemical abundances obtained from a Cloudy run employing
the same isothermal profile. However, we find that the depth of
our LTE Hα profile constructed under these assumptions is about
twice that of Wyttenbach et al. (2020) and that it would require
to decrease the density of excited hydrogen by a factor of ten
to be able to fit the observations. It is possible that this further
discrepancy is caused by differences in the underlying chemical
composition, i.e. Cloudy vs equilibrium chemistry without pho-
toionisation. It is also possible that meaningful comparisons of
our results with those of Wyttenbach et al. (2020) are in general
not possible, because they considered the planetary mass-loss
rate as a free parameter, further obtaining that it strongly cor-
relates with the atmospheric temperature and hydrogen density
profiles.
6.4. Impact of stellar effective temperature
So far, we attempted to fit the observed hydrogen Balmer lines by
modifying the TP profile, obtaining that it should be significantly
different than that obtained self-consistently with PHOENIX.
However, there are other ways of modifying the line profiles
without necessarily changing significantly the TP profile, for ex-
ample by decreasing the mean molecular weight, hence increas-
ing the pressure scale height, and/or by increasing the temper-
ature of the host star, hence increasing the atmospheric energy
available for exciting hydrogen. Therefore, we discuss whether
increasing the effective temperature of the planetary atmosphere
(this section) or decreasing the metallicity of the planetary atmo-
sphere (next section) would enable one to fit the observed hydro-
gen Balmer lines employing the self-consistently computed TP
profile. Furthermore, looking for the possible effect of a different
stellar spectral energy distribution is important at the light of the
gravity darkening effect recently detected for KELT-9, with the
temperature ranging from 10200 K at the poles and 9400 K at the
equator, and with the stellar inclination angle tilted by almost 40
degrees (Ahlers et al. 2020).
As shown by Lothringer & Barman (2019), the shape of the
input stellar spectral energy distribution has an impact on the at-
mospheric properties of ultra-hot Jupiters (see also Fossati et al.
2018). Therefore, we checked whether a variation in the temper-
ature of the star compatible with what given by stellar spectro-
scopic analyses leads to significant changes in the strength of the
Hα and Hβ line profiles.
Fig. 12. Comparison between the Hβ (left) and Hα (right) line profiles
computed in NLTE with Cloudy employing an incident stellar flux cor-
responding to a star with an effective temperature of 9600 K (black;
Borsa et al. 2019) and 10200 K (red; Gaudi et al. 2017). To ease the
comparison, the range of the y-axis is the same as that of the top panels
of Fig. 6.
To this end, we calculated a further transmission spectrum
with Cloudy considering the TP model number 025 and a stellar
spectral energy distribution computed with an effective tempera-
ture of 10200 K, hence 600 K hotter than what employed for the
analysis presented in Sect. 5. We remark that the stellar effective
temperature we adopted in this work is that given by Borsa et al.
(2019), while the hotter one we chose for studying the impact of
stellar effective temperature on the transmission spectrum is that
given by Gaudi et al. (2017).
Figure 12 shows the comparison between the Hα and Hβ line
profiles obtained for the two stellar spectral energy distributions
and considering the TP model number 025. The hotter star leads
to a slight increase in the level population of excited hydrogen
and therefore to stronger lines, but the increase is small com-
pared to what would be necessary to fit the observed profiles.
This indicates that fitting the observed line profiles requires a
planetary atmosphere with a temperature as high as ∼10000–
11000 K, even when considering a hotter star. This result further
indicates that the fact that the planet crosses regions of the star
with different temperatures due to the fast stellar rotation (Ahlers
et al. 2020) has no detectable effect on the transmission spectra.
6.5. Planetary atmospheric metallicity
Following Eq. (6), it is possible to increase the pressure scale
height and hence the size of the absorption features, without ex-
ceedingly increasing the temperature, by decreasing the mean
molecular weight. Therefore, we computed a synthetic transmis-
sion spectrum covering the Hα and Hβ line profiles, employing
the TP profile number 025 and a metallicity of 0.1×solar.
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Fig. 13. Comparison between the Hβ (left panel) and Hα (right panel)
transmission profiles obtained considering the TP profile number 025
and a solar metallicity (Z = 1; black line) or a sub-solar metallicity
(Z = 0.1; red line). To ease the comparison, the range of the y-axis is
the same as that of the top panels of Fig. 6.
Figure 13 shows the comparison between the Hα and Hβ line
profiles obtained for the TP model number 025 and considering
a solar-like and sub-solar planetary atmospheric metallicity. De-
creasing the metallicity only very slightly increased the depth
of the absorption lines further confirming that fitting the obser-
vations requires a planetary atmosphere with a temperature of
∼10000–11000 K.
6.6. Possible origin and consequences of the additional
atmospheric heating
Our results indicate that the atmosphere of KELT-9b, particularly
at pressures lower than ∼10−3 bar, should be significantly hot-
ter than that estimated by self-consistent calculations, e.g. with
PHOENIX. However, the difficulty of simultaneously fitting the
strength and the width of the Hα and Hβ line profiles sug-
gests that either our results slightly overestimate the upper atmo-
spheric temperature or the analysis of the observations, possibly
the spectral normalisation, partially removes the outer edges of
the line wings. We find that the upper atmospheric temperature
of the family of TP profiles leading to best fit the observations is
around 10000–11000 K that is comparable to that of the stellar
photosphere, which is the main heating source. This temperature
also reminds of the upper atmospheric temperature of classical
hot Jupiters orbiting late-type stars (e.g., Yelle 2004). However,
there are significant differences in the heating source and mech-
anisms between classical hot Jupiters and ultra-hot Jupiters like
KELT-9b orbiting early A-type stars (Fossati et al. 2018).
The upper atmospheres of planets orbiting stars later than
spectral type A3-A4 are heated by absorption of the stellar high-
energy emission, namely X-ray and EUV (XUV) radiation. The
temperature reached in the upper atmosphere of these planets is
typically of the order of 104 K, which is also of the same order
of magnitude as that of the plasma in the stellar chromosphere
and transition region emitting the majority of the XUV radiation
absorbed by the planet and causing the heating. Planets orbiting
early A-type stars, instead, are believed not to possess a chromo-
sphere and transition region, hence not to emit significant XUV
radiation1 (Fossati et al. 2018). Indeed, the atmospheres of ultra-
1 Early A-type stars emit some EUV radiation, but it is of photospheric
origin and too weak and at too long wavelengths to produce significant
heating in planetary upper atmospheres (Fossati et al. 2018).
hot Jupiters are heated primarily by the less energetic UV and
optical stellar photons. Given that the stellar photospheric tem-
perature is of the order of 10000 K, from a thermodynamic point
of view it would be possible for the planetary atmosphere to
reach such values. For the same reason, it is then unlikely for the
planetary atmosphere to become much hotter, unless there is sig-
nificant atmospheric heating due to other mechanisms, such as
ohmic dissipation or magnetohydrodynamic waves (e.g., Thorn-
gren & Fortney 2018). This conclusion is also supported by
detailed hydrodynamic simulations of the upper atmosphere of
KELT-9b conducted by Mitani et al. (2020).
It is, however, interesting to notice that the upper atmo-
spheric temperature of the TP profile we consider as reference
for leading to best fit the observations lies at the upper limit
of the explored temperature range. Therefore, we generated 30
more TP profiles with a lower atmospheric temperature close to
that of the TP profile number 108 and upper atmospheric tem-
peratures ranging between 11000 and 16000 K. We further pro-
duced synthetic transmission spectra on the basis of these pro-
files and compared them with the observations in the same way
as described in Sect. 4 and Sect. 5. We obtained that four of these
hotter models satisfied the conditions set in Eq. (8) and that three
models satisfied the more restrictive conditions set in Eq. (9).
However, all these models display an upper atmospheric tem-
perature in excess of 12000 K, which, given the stellar effective
temperature, we consider not being realistic for describing the
TP profile of KELT-9b. Furthermore, none of these models leads
to a better fit to the data with respect to the TP profile number
108 and also have the problem of being shallower and broader
than the observations.
It is therefore possible that self-consistent models computing
the planetary TP structure underestimate atmospheric heating
and/or overestimate cooling. García Muñoz & Schneider (2019)
showed that, because of the shape of the stellar spectral energy
distribution and of the large density of excited hydrogen in the
planetary atmosphere, heating through absorption of the stellar
UV and optical radiation plays an important role.
In Sect. 6.1, we showed that the planetary atmospheric com-
position we obtained from Cloudy differs from those of Kitz-
mann et al. (2018) and Lothringer et al. (2018) also in the elec-
tron density, which we find being significantly higher, partic-
ularly in the upper atmosphere. Indeed, the Cloudy runs sug-
gest a higher density of ionised metals and a higher metal ion-
isation degree compared to previous models, particularly in the
upper atmospheric layers. This may be due to the fact that, in
contrast to PHOENIX, Cloudy includes metal photoionisation.
Given that metal absorption and ionisation are among the main
heating mechanisms in ultra-hot Jupiters, it is possible that self-
consistent calculations of the atmospheric TP profile account-
ing for photoionisation would lead to metal ionisation properties
similar to those found with Cloudy, hence to increased upper at-
mospheric temperatures.
An upper atmosphere at a temperature of 10000–11000 K
would also explain the strong Crii and Feii absorption features
obtained by Hoeijmakers et al. (2019) from the analysis of
optical high-resolution transmission spectroscopy observations.
The observed features were surprisingly large compared to the
model, which was produced considering an isothermal temper-
ature profile at 4000 K, while a higher atmospheric temperature
leads to a stronger Fe and Cr ionisation, hence to larger features
of both species. Therefore, it would be important to re-analyse
these observations considering a model computed on the basis
of a hotter TP profile (e.g., the TP model number 108), which
would lead to increase the detection level of several ions and
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possibly also to the detection of additional elements that would
constrain the shape of the atmospheric TP profile (e.g., Feiii).
6.7. Impact of the model assumptions
By employing Cloudy, we were able to lift the LTE approxi-
mation for modelling lines rising from excited hydrogen levels
and therefore run all computations accounting for NLTE effects
for all considered elements. Despite this, the synthetic hydrogen
Balmer line profiles did not fit well enough the observations and
therefore we discuss here the modelling assumptions that may
possibly play a role in this outcome, focusing in particular on the
assumption of a 1D geometry and of a hydrostatic atmosphere.
Because of the 1D approximation, we assumed that the day
and night side of the planetary atmosphere through which the
stellar light travels have the same properties. This is clearly not
the case, though global circulation models of ultra-hot Jupiters
suggest that there is a relatively small temperature (i.e., 1000–
1500 K) and compositional difference between the day and the
night side (e.g., Bell & Cowan 2018; Tan & Komacek 2019)
and phase curve observations of KELT-9b confirm this predic-
tion (Wong et al. 2020; Mansfield et al. 2020), hence alleviating
the effect of this assumption on our results. The 1D assump-
tion likely leads to overestimate the number of excited hydro-
gen atoms, but also to overestimate hydrogen ionisation. These
two effects counteract each other in terms of their impact on the
strength of the hydrogen Balmer lines and future simulations ac-
counting for the three-dimensional nature of the planetary atmo-
sphere are therefore necessary to assess how the 1D assumption
affects synthetic transmission spectra of KELT-9b.
The assumption of a hydrostatic atmosphere may have two
important effects on our results: 1) the atmospheric layers char-
acterised by strong upward acceleration (i.e., in a hydrodynamic
state) have a larger pressure scale height, because the upward
acceleration reduces locally the planetary gravity; 2) a hydrody-
namic atmosphere is also characterised by a significant upward
transport of gas from the bottom layers, which would for ex-
ample lead to increase the density of (excited) neutral hydrogen
atoms higher up in the atmosphere. Both these effects would lead
to an increase in the strength of the Hα and Hβ lines, without
the need of increasing the atmospheric temperature. Fossati et
al. (2018), García Muñoz & Schneider (2019), and Mitani et al.
(2020) showed that the upper atmosphere of KELT-9b is proba-
bly expanding hydrodynamically.
Within Cloudy, to be able to fix the temperature profile, we
had to exclude from the calculations all non-hydrogen-based
molecules, which may have affected the lower atmosphere. How-
ever, our results indicate that the lower atmosphere has a negli-
gible impact on the shape and strength of the hydrogen Balmer
lines. Furthermore, the overall hotter atmospheric temperature
would lead to an even lower molecular abundance, decreasing
the impact these would have on the results.
7. Conclusion
We constructed 126 empirical atmospheric temperature-pressure
profiles for the ultra-hot Jupiter KELT-9b varying the lower and
upper atmospheric temperatures, and the location and gradient of
the temperature rise, further considering the available observa-
tional constraints (Wong et al. 2020; Mansfield et al. 2020; Pino
et al. 2020; Turner et al. 2020). We then employed the Cloudy
NLTE radiative transfer code in a one-dimensional geometry to
produce transmission spectra of the Hα and Hβ lines on the basis
of the constructed TP profiles, comparing them with the avail-
able observations.
We found that the family of TP profiles leading to best fit
the observations is characterised by an upper atmospheric tem-
perature of 10000–11000 K, hence about 4000 K hotter than pre-
dicted by the PHOENIX model, and by a temperature rise start-
ing at pressures higher than 10−4 bar, which is around the highest
pressure level probed by the Hα and Hβ lines. For the TP profile
leading to best fit the observations, we compared the n = 2 ex-
cited hydrogen level population and the Hα and Hβ line profiles
computed in LTE and NLTE obtaining that the LTE approxima-
tion leads to overestimate the level population by several orders
of magnitude, and hence to overestimate the strength of the lines.
Furthermore, the Cloudy simulations also clearly indicate that
other commonly considered assumptions, such as constant tem-
perature and/or density ratio profiles, are not realistic and would
lead to misinterpret the data.
We further analysed the atmospheric chemical composition
obtained with Cloudy employing the TP profile leading to best
fit the Hα and Hβ lines. The main results of this analysis are that
the high upper atmospheric temperature is likely caused by metal
photoionisation and that at pressures lower than about 10−6 bar,
Feiii is almost as abundant as Feii. The latter finding indicates
that Feiii may be also detectable in the transmission spectra of
KELT-9b. Its identification in the observed transmission spectra
would be a confirmation that the upper atmospheric tempera-
ture of KELT-9b is significantly higher than previously thought.
More in general, the detection and modelling of features rising
from different ions of the same element and from different elec-
tronic levels of the same ion is important to constrain the phys-
ical properties of the planetary atmosphere, including the local
thermodynamic state, which is a key piece of information for the
further development of planetary atmosphere models. However,
the detection of such metal features should be based on synthetic
spectra computed with adequate TP profiles and accounting for
NLTE effects that become relevant when looking at lines rising
from excited states, as is the case of the hydrogen Balmer lines.
The family of TP profiles leading to best fit the observed
hydrogen Balmer lines, however, leads still to profiles that are
shallower and broader than the observations, though the line
strength (i.e., equivalent width) is comparable to the measured
one. There are a range of possible explanations for this result
connected to both data analysis and modelling assumptions. The
observed transmission spectra covering the hydrogen Balmer
lines of KELT-9b have been obtained with different instruments
and employing slightly different data analysis methods, which
may have introduced systematic differences among the results.
It is also not possible to exclude that the data analysis proce-
dures have removed part of the far line wings, leading to nar-
rower spectral lines. Therefore, we suggest that a uniform analy-
sis of all available spectroscopic data covering the primary tran-
sit of KELT-9b would be beneficial for future theoretical studies
aiming at fitting the observations.
On the modelling side, having lifted the LTE approximation,
the two main assumptions affecting the results are those of a 1D
geometry and of a hydrostatic atmospheres. The impact of the
former on the synthetic spectra is unclear, because of the compet-
ing effects (lower hydrogen ionisation and lower hydrogen exci-
tation) that the cooler nightside temperature would have on the
transmission spectra. Instead, the implementation of a model ac-
counting for hydrodynamic effects may change the shape of the
line profiles precisely in the desired direction, namely making
them deeper without the need of further increasing the tempera-
ture, which would further broaden the line wings. Therefore, we
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suggest that future modelling and fitting of the hydrogen Balmer
lines of KELT-9b shall attempt to account for hydrodynamic ef-
fects in the upper atmosphere, further to accounting for NLTE
effects.
Therefore, future observational works should primarily at-
tempt to understand the origin of the differences detected in
the currently available observations, particularly by collecting
higher-quality data, if possible, and by analysing them in a
homogeneous way. However, unfortunately, given the signifi-
cant computing time currently necessary for producing synthetic
spectra accounting for NLTE effects, at least for the near future,
fitting the observations will be possible only through forward
modelling.
An upper atmospheric temperature of 10000–11000 K has
strong implications for the planetary atmospheric mass loss. In-
deed, the extra energy available as a result of such a high atmo-
spheric temperature would lead to a significantly higher mass-
loss rate compared to the 1011 g s−1 obtained on the basis of the
PHOENIX temperature-pressure profile (Fossati et al. 2018). A
significantly higher mass-loss rate may have important conse-
quences for the atmospheric evolution of the planet, but may also
indicate that the mass-loss rates expected also for other ultra-hot
Jupiters, particularly those orbiting hotter stars, might need to
be reconsidered. Indeed, the analyses of Yan & Henning (2018)
and Wyttenbach et al. (2020) suggested for KELT-9b mass-loss
rates as high as 1012 g s−1. Interestingly, the ultra-hot Jupiters
detected so far appear to be on average more massive than the
classical hot Jupiters of the same radius, which is not a bias ef-
fect because all these planets have been detected with the transit
method and have similar radii. Therefore, planets with masses
smaller than those typical of ultra-hot Jupiters may be difficult
to detect because of their very small radius as a consequence of
the strong atmospheric escape. Future work should therefore also
aim to constrain and estimate planetary mass-loss rates for ultra-
hot Jupiters as a function of planetary parameters, to identify
whether there could be a signature of mass loss in the observed
planet population.
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Appendix A: Empirical TP profiles and their
parameters.
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Table A.1. List of empirical TP profiles and their parameters. The column labelled as p0 gives the reference pressure, in mbar, obtained through
an iterative process for each TP model (see Sect 4).
Model # κ γ β s p0 Model # κ γ β s p0 Model # κ γ β s p0
001 2.5 1.01 1.02 1.0 3 043 2.5 0.87 1.10 2.5 18 085 2.5 0.63 1.23 4.0 18
002 2.5 1.26 1.04 1.0 0.2 044 2.5 1.07 1.15 2.5 0.4 086 2.5 0.89 1.27 4.0 1
003 2.5 1.50 1.04 1.0 0.06 045 2.5 1.23 1.21 2.5 0.06 087 2.5 1.06 1.33 4.0 0.2
004 2.5 1.71 1.04 1.0 0.03 046 2.5 1.43 1.22 2.5 0.03 088 2.5 1.20 1.39 4.0 0.06
005 2.5 1.90 1.04 1.0 0.03 047 2.5 1.60 1.23 2.5 0.03 089 2.5 1.36 1.42 4.0 0.03
006 2.5 2.07 1.04 1.0 0.03 048 2.5 1.77 1.23 2.5 0.03 090 2.5 1.51 1.44 4.0 0.03
007 2.5 1.09 0.98 2.5 18 049 2.5 0.89 1.09 4.0 18 091 3.1 0.42 1.35 1.0 3
008 2.5 1.30 1.02 2.5 1 050 2.5 1.10 1.14 4.0 18 092 3.1 0.70 1.39 1.0 0.2
009 2.5 1.51 1.04 2.5 0.2 051 2.5 1.27 1.19 4.0 0.4 093 3.1 0.93 1.42 1.0 0.06
010 2.5 1.71 1.04 2.5 0.06 052 2.5 1.45 1.22 4.0 0.2 094 3.1 1.14 1.43 1.0 0.03
011 2.5 1.90 1.04 2.5 0.03 053 2.5 1.64 1.22 4.0 0.2 095 3.1 1.32 1.44 1.0 0.03
012 2.5 2.07 1.04 2.5 0.03 054 2.5 1.82 1.22 4.0 0.2 096 3.1 1.49 1.44 1.0 0.03
013 2.5 1.09 0.98 4.0 47 055 3.1 0.70 1.19 1.0 3 097 3.1 0.44 1.34 2.5 18
014 2.5 1.31 1.02 4.0 47 056 3.1 0.98 1.21 1.0 0.2 098 3.1 0.70 1.39 2.5 0.4
015 2.5 1.52 1.04 4.0 47 057 3.1 1.22 1.22 1.0 0.06 099 3.1 0.93 1.42 2.5 0.2
016 2.5 1.74 1.04 4.0 47 058 3.1 1.43 1.22 1.0 0.03 100 3.1 1.14 1.43 2.5 0.06
017 2.5 1.94 1.04 4.0 47 059 3.1 1.60 1.23 1.0 0.03 101 3.1 1.32 1.44 2.5 0.03
018 2.5 2.13 1.04 4.0 47 060 3.1 1.77 1.23 1.0 0.03 102 3.1 1.49 1.44 2.5 0.03
019 3.1 0.99 1.03 1.0 3 061 3.1 0.70 1.19 2.5 47 103 3.1 0.45 1.34 4.0 18
020 3.1 1.26 1.04 1.0 0.2 062 3.1 0.98 1.21 2.5 18 104 3.1 0.71 1.39 4.0 18
021 3.1 1.50 1.04 1.0 0.06 063 3.1 1.22 1.22 2.5 18 105 3.1 0.95 1.42 4.0 18
022 3.1 1.71 1.04 1.0 0.03 064 3.1 1.43 1.22 2.5 0.2 106 3.1 1.17 1.43 4.0 18
023 3.1 1.90 1.04 1.0 0.03 065 3.1 1.62 1.22 2.5 0.2 107 3.1 1.37 1.44 4.0 18
024 3.1 2.07 1.04 1.0 0.03 066 3.1 1.78 1.23 2.5 0.06 108 3.1 1.55 1.44 4.0 18
025 3.1 0.99 1.03 2.5 47 067 3.1 0.72 1.19 4.0 47 109 2.5 0.28 1.43 1.0 3
026 3.1 1.26 1.04 2.5 47 068 3.1 1.00 1.21 4.0 47 110 2.5 0.60 1.46 1.0 0.2
027 3.1 1.51 1.04 2.5 47 069 3.1 1.25 1.22 4.0 47 111 2.5 0.79 1.52 1.0 0.06
028 3.1 1.71 1.04 2.5 47 070 3.1 1.49 1.22 4.0 47 112 2.5 0.96 1.57 1.0 0.03
029 3.1 1.90 1.04 2.5 47 071 3.1 1.68 1.23 4.0 47 113 2.5 1.11 1.61 1.0 0.03
030 3.1 2.07 1.04 2.5 47 072 3.1 1.89 1.23 4.0 47 114 2.5 1.28 1.62 1.0 0.03
031 3.1 1.01 1.03 4.0 47 073 2.5 0.53 1.29 1.0 3 115 2.5 0.33 1.40 2.5 3
032 3.1 1.30 1.04 4.0 47 074 2.5 0.77 1.34 1.0 0.2 116 2.5 0.67 1.41 2.5 0.2
033 3.1 1.57 1.04 4.0 47 075 2.5 0.97 1.39 1.0 0.06 117 2.5 0.87 1.46 2.5 0.06
034 3.1 1.82 1.04 4.0 47 076 2.5 1.15 1.42 1.0 0.03 118 2.5 1.01 1.53 2.5 0.03
035 3.1 2.06 1.04 4.0 47 077 2.5 1.33 1.43 1.0 0.03 119 2.5 1.16 1.57 2.5 0.03
036 3.1 2.32 1.04 4.0 47 078 2.5 1.49 1.44 1.0 0.03 120 2.5 1.29 1.61 2.5 0.03
037 2.5 0.80 1.14 1.0 3 079 2.5 0.61 1.24 2.5 7 121 2.5 0.35 1.39 4.0 7
038 2.5 1.01 1.19 1.0 0.2 080 2.5 0.86 1.29 2.5 0.4 122 2.5 0.69 1.40 4.0 0.4
039 2.5 1.23 1.21 1.0 0.06 081 2.5 1.04 1.34 2.5 0.06 123 2.5 0.89 1.45 4.0 0.2
040 2.5 1.43 1.22 1.0 0.03 082 2.5 1.19 1.39 2.5 0.03 124 2.5 1.05 1.51 4.0 0.03
041 2.5 1.62 1.22 1.0 0.03 083 2.5 1.35 1.42 2.5 0.03 125 2.5 1.18 1.56 4.0 0.03
042 2.5 1.78 1.22 1.0 0.03 084 2.5 1.49 1.44 2.5 0.03 126 2.5 1.31 1.60 4.0 0.03
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